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1. I am Masih Akhbari. I am a Project Engineer at Larry Walker Associates (LWA) and 

a Visiting Scholar at Colorado Water Institute, an affiliate of Colorado State 

University. Starting in 2018, LWA has been leading consultant teams to develop 

Groundwater Sustainability Plans in compliance with California’s Sustainable 

Groundwater Management Act. I am an active member of the team supporting these 

projects. I am also in the process of founding Global Water Resources Solutions Inc. 

with the mission to provide practical solutions for water resources and environmental 

problems. My physical address is 529 Washington Ave., Unit #4, Santa Monica, CA 

90403.  

Assignment 

2. I have been retained by the office of Adrian & Pankratz, P.A. on behalf of the Equus Beds 

Groundwater Management District #2, with an hourly rate of $150, to review the 

documentations on the development of the USGS Equus Beds Groundwater Flow Model 

(EBGWM), the Wichita City’s (the City’s) Aquifer Storage and Recovery (ASR) permit 

modification proposal, and also review and evaluate the performance of the Drought Model, 

developed by Burns & McDonnell by modifying the EBGWM. I understand that the Drought 

Model simulates the total combined effects of a 1% drought on the local and regional water 

levels surrounding the City’s ASR project. I have been asked to analyze the model’s 

suitability to be used as a tool to identify revised Minimum Index Levels in the City’s ASR 

Permit. 
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Summary of Opinions 

3. My overall opinion in this matter is that while the EBGWM can follow the overall trend of 

groundwater level changes across the aquifer, its simulation results are not accurate enough 

to propose modified ASR Minimum Index Levels. Overall, the model tends to underestimate 

groundwater levels. Even in 60% of the monitoring wells that the USGS report has selected 

to show the accuracy of simulated results, groundwater levels are underestimated. The 

underestimations are prevalent specially during drought periods. However, minimum drought 

model elevations have been considered to propose modified ASR Minimum Index Levels for 

over half of the Index Wells. Additionally, while the USGS report explicitly mentions that 

this model is not suitable for simulating water-level drawdown near a single well, water level 

elevations at the location of the Index Wells have been used as the basis to propose modified 

ASR Minimum Index Levels for over half of the Index Wells. 

Qualifications 

4. I hold an M.S. degree in Environmental Engineering and a Ph.D. in Hydrology and Water 

Resources Management. I am also registered as a Professional Engineer in the State of 

Colorado. For both my M.S. and Ph.D. research, I developed computer simulation models to 

support water resources decision-making and management. My Ph.D. was followed by a 

postdoctoral research at the Center for Watershed Sciences, University of California Davis, 

where I developed highly complicated integrated computer simulation models for water 

resources planning and decision-making. 

5. In 2015, I joined Riverside Technology inc. (acquired by RTI International as its Water 

Resources Division in 2017) as a Senior Water Resources Engineer. The Division of Water 
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Resources of RTI International is a cutting-edge entity that provides innovative IT-based 

solutions to develop decision support systems for water resources planning and management. 

In Summer 2018, I joined Larry Walker Associates to assist the company in leading 

consultant teams to develop Groundwater Sustainability Plans in compliance with 

California’s Sustainable Groundwater Management Act.  

6. I am a co-author of the book “Groundwater Hydrology: Engineering, Planning, and 

Management,” published by CRC Press in 2011. This book presents state-of-the-art subjects 

and techniques in the education and practice of groundwater, discusses groundwater 

hydrology, presents technical aspects of developing and solving groundwater flow equations, 

introduces conceptual models to simulate groundwater systems, and examines details of 

groundwater flow modeling. I am currently working on the second edition of the book, which 

will be released in late 2019, to add topics such as Managed Aquifer Recharge, Best 

Management Practices in Sustainable Management of Groundwater, and facilitating 

negotiations over groundwater resources management.  

7. I have also co-advised multiple graduate students with two of them having focused their 

thesis on groundwater management. These theses are titled: “Agent-based Modeling for 

Sustainable Groundwater Management in Ardabil Plain” and “Developing a multi-agent 

model to optimize the qualitative-quantitative management of groundwater for agricultural, 

industrial and municipal purposes.”  

8. Additionally, I have served as review panelist for the 2017 National Science Foundation 

Graduate Research Fellowship Program, as a session chair and convener at the 2015 

American Geophysical Union Fall Meeting, as a reviewer for multiple scientific journals, and 

provided other services as demonstrated in my CV. 
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Documents Reviewed 

9. As part of my assignment, I have reviewed the USGS report on the EBGWM development 

and calibration process, titled: “Simulation of Groundwater Flow, Effects of Artificial 

Recharge, and Storage Volume Changes in the Equus Beds Aquifer near the City of Wichita, 

Kansas Well Field, 1935–2008,” the ASR permit modification proposal, developed by Burns 

and McDonnel, titled: “ASR Permit Modification Proposal Revised Minimum Index Levels 

& Aquifer Maintenance Credits,” as well as its relevant associated appendices. I have also 

reviewed the performance of the Drought Model as well as Model Run No. 3, developed by 

Burns and McDonnel. 

My Evaluations 

10. I initiated my evaluation process by reviewing the USGS report on the EBGWM 

development to understand and assess the model’s structure, initial and boundary conditions, 

suitability of data imported to the model as input files, the model’s calibration process, and 

observed data used to calibrate the model. When needed, I also downloaded and reviewed 

tables attached to this report as listed on Page 89 of the report. 

11. Additionally, I reviewed the ASR Permit Modification Proposal, developed by Burns & 

McDonnel, and its attachments to understand and evaluate the process and data used to 

reconstruct the 1% Drought, the logic used to propose the modified Minimum Index Levels, 

and scenarios defined to create ASR accounting simulations. 

12. After careful review of these reports, I started evaluating the Drought Model by spot 

checking to verify if the model correctly reads the imported data for the following 

parameters: evapotranspiration, recharge rates, hydraulic conductivity, well pumping rates, 
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layer thickness, specific yield and specific storage, initial heads, top and bottom elevations of 

each layer.  

13. As an important test to confirm the model performance, I calculated water balance within the 

Basin Storage Area (BSA) in Model Run No. 3, described in Attachment J of the ASR Permit 

Modification Proposal, as a representative of the Drought Model. I performed this test using 

Groundwater Vistas, which is a pre- and post-processing software package for importing 

input files and analyzing model results. This test does not assess whether the model is 

accurately simulating the system. It does help verify, however, whether there is a reasonable 

balance among the inflows, outflows, and storage rate within each of the model cells.  

14. To evaluate water level changes resulted from the 8-year drought and the 2-year recovery 

periods, I ran the original form of the Drought Model, which has 1998 water levels data as its 

initial heads. I also updated the initial heads using the 2001 data and re-ran the Drought 

Model to evaluate the model’s response to the updated initial heads. The average of 2001 

initial heads over the location of the 38 index wells is about 11.85 ft higher than the original 

heads introduced to the model (from 1998). Table 1 at the end of this report presents the 

differences between the 2001 and 1998 initial heads, as well as the resulted water table 

elevations (ft) during the 8-year drought and 2-year recovery periods. Table 2 also shows 

initial heads and water table elevations during these periods at the location of the index wells.  

15. Figure 1 at the end of this report also depicts annual water level changes within the BSA 

resulted from both initial heads before, during, and after the 8-year drought as well as after 

the2-year recovery period. 
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Evaluation Results 

16. Evaluating the Drought Model, I could verify that the model reads all input data correctly, 

the model’s water balance error averaged over the BSA is below 1%, verifying model 

performance within the model cells. Both the original form of the Drought Model and the 

model updated with 2001 initial heads respond reasonably to the drought and recovery 

periods as illustrated in Figure 1 and Figure 2. However, reviewing the documents and the 

Drought Model, there are some concerns associated with the model results that make the 

suitability of these results to propose modified ASR Minimum Index Levels questionable. 

These concerns are explained in the following. 

17. As presented in Table 2 and illustrated in Figure 2, when initial water heads are updated 

with the 2001 data, which is on average 11.85 ft higher than the original heads, and all other 

boundary and initial conditions are kept unchanged, there is a steep drop in water level within 

the first year (from Stress Period 0 to Stress Period 1). This drop is significantly more 

substantial in the index wells closer to the east side of the BSA, where the water is drained 

rapidly into the Little Arkansas River, e.g. Index Well # 12. While this steep drop verifies the 

model performance, it emphasizes on the model sensitivity to boundary and initial conditions 

and highlights the importance of setting these conditions accurately. Inaccurate setting of 

these conditions may result in unwanted drainage or recharge of large quantities of water out 

of or into the aquifer. 

18. The USGS report uses Root Mean Square (RMS) error as the metric to evaluate model 

calibration. RMS error is a measure to take an average of the differences between the 

observed and simulated data values over time and space in this case. To elaborate, when and 

where observed data have been available, the difference between the observed and simulated 
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values has been calculated and squared. Then, these squared differences for all timesteps 

with observed data and at all monitoring wells have been averaged and the root of this value 

has been calculated as the RMS error. Clearly, such average offsets the highly over- or 

under-estimated simulation values by balancing them out with when or where the errors is 

low. According to the USGS report, the RMS error for water-levels of the transient 

calibration of the EBGWM is 2.48 ft, indicating “the acceptability of the calibrated model,” 

as stated in Page 48 of the USGS report. However, more detailed comparison between 

simulated and observed values indicates that the model tends to mainly underestimate water 

levels across the 20 selected monitoring wells shown in Figure 34 of the USGS report. I 

provided a copy of this figure at the end of this report (Figure 3). 

19. Figure 4 provides a copy of Figure 40 of the USGS report, illustrating simulated versus 

observed groundwater levels in the selected monitoring wells. As depicted in this figure, the 

model tends to underestimate groundwater levels in the majority of these monitoring wells. 

For further analysis of these graphs, I downloaded the simulated and observed water levels in 

selected monitoring wells from Table 9 of the USGS report, listed on Page 89 of this report, 

and provided a summary of my analysis in Table 3. According to this table: 

a. While the RMS error seems to be low, comparing the total range of water level 

changes over the entire observation period (Column C) with the maximum and 

average differences between observed and simulated values (Columns D and E, 

respectively) suggests that the error should be taken into account more seriously. 

For example, at monitoring well #741, water levels fluctuate about 8.21 ft over 

the period of 1952 to 2008 (Column B). The maximum and average differences 

between the simulated and observed water levels are 4.95 ft and 3.03 ft, 
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respectively, which correspond to 60% and 37% of the total range of long-term 

water level fluctuations (Columns F and G, respectively). The averages of these 

ratios, presented in Columns E and F, over all 20 wells are 68% and 31%, 

respectively. 

b. As exhibited in Column H simulated water levels are underestimated in 60% of 

these monitoring wells. 

c. Simulated data appropriately follows the trend of the observed data in 75% of the 

wells (Column I). 

20. Page 53 of the USGS report states that “Cumulative streamflow gain and loss observations 

are similar to the cumulative simulated equivalents and are shown for the Arkansas River 

and Little Arkansas River in figure 41”. While simulated cumulative streamflow gains and 

losses in the Arkansas River show a good match with the observed data, based on Figure 41 

of this report, these cumulative simulations for the Little Arkansas River overestimate 

observations by approximately 17%. A copy of this figure is provided at the end of this 

report (Figure 5). 

21. The last paragraph in Page 72 of the USGS report states that “The change in storage between 

AR and NAR simulations for 2007 was 1,107 acre-ft and metered recharge was 963 acre-ft 

for the total model area. For 2008 the simulated change in storage was 684 acre-ft and 

metered recharge was 833 acre-ft. Total simulated change in storage was 1,790 acre-ft and 

total metered recharge was 1,796 acre-ft”. This translates into an approximately 15% 

overestimation of storage in 2007 and about 18% underestimation of storage in 2008. While 

comparing the combined 2007 and 2008 storage values for simulated results with observed 

data offsets the relatively large errors, it might not always be the case; i.e. the consecutive 
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years may have a cumulative effect instead of offsetting effect. Therefore, much longer 

comparison of observed versus simulated storage data is required to draw the conclusion that 

such error could be neglectable.  

22. Item 2 in the Model Limitations Section of the USGS report (Page 72) explicitly states that 

“The groundwater-flow model was discretized using a grid with cells measuring 400 ft by 

400 ft. Model results were evaluated on a relatively large scale and cannot be used for 

detailed analyses such as simulating water-level drawdown near a single well. A grid with 

smaller cells would be needed for such detailed analysis.” However, as presented in Table 2-

10 of the ASR Permit Modification Proposal, minimum Drought Model elevations at the 

location of Index Wells have been used to propose modified ASR Minimum Index Levels for 

more than half of these wells. A copy of this table is provided at the end of this report (Table 

4). 

23. Page 2-11 of the ASR Permit Modification Proposal states that “To select initial head 

conditions for the 1% drought scenario, the simulated transient water levels provided by 

USGS in the original model report for 1990-2008 were compared against the designed 

recharge capacity of existing ASR infrastructure. This comparison indicated that the 

simulated groundwater levels representing the end of the 1998 period were the best match 

for representing the minimum groundwater levels required to maintain 30 MGD of physical 

ASR recharge capacity.” However, it is not clear why minimum groundwater levels required 

to maintain 30 MGD of physical ASR recharge capacity should be the basis to calculate the 

modified Minimum Index Levels. 
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Conclusions 

24. I reviewed the development documentation of the USGS EBGWM, the City’s ASR permit 

modification proposal, and the performance of the Drought Model. I performed the review 

and draw my conclusions based on my experience in the field as a researcher studying 

prevailing literature, modeler, co-advisor, and co-author of a textbook titled “Groundwater 

Hydrology: Engineering, Planning, and Management.” Based on my review, the USGS 

EBGWM structure is correct and mass balance equations within the model cells are solved 

appropriately resulting in a less than 1% error in mass balance within the BSA area. This 

means that within the model, calculating the balance among inflows, outflows, and storage 

change in each model cell and averaging these over all model cells within the BSA results in 

a less than 1% error. While this confirms the model performance, it does not mean that the 

model is accurately simulating groundwater levels. To draw such conclusion, model results 

should be compared with observed data.  

25. Page 2-7 of the ASR Permit Modification Proposal claims that “The EBGWM is currently the 

best forward analysis and prediction tool available for simulating the total combined effects 

of a 1% drought on the local and regional water levels surrounding the City’s ASR project.” 

However, this does not mean that the model simulation results are accurate enough to 

propose modified ASR Minimum Index Levels. The EBGWM might be the best analysis tool 

currently available to estimate the overall trend of groundwater level fluctuations across the 

aquifer, but not to accurately estimate groundwater levels at specific well locations. This can 

be partially due to the large special scale of the modeling area and large grids cells 

constructed in the model. 
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26. The model tends to underestimate groundwater levels in 60% of the monitoring wells 

selected by USGS to show the acceptability of model results. The underestimations are 

prevalent specially during drought periods. However, minimum drought model elevations 

have been considered to propose modified ASR Minimum Index Levels for over half of the 

Index Wells. 

27. The average difference between simulated and observed data could account for about 31% of 

the difference between minimum and maximum groundwater levels within all the 20 selected 

monitoring wells during the entire period with available observation data (as explained in 

Paragraph 19.a). For example, at well # 741 water levels fluctuate about 8.21 ft over a period 

of 56 years and the average difference between the simulated and observed water levels is 

3.03 ft, meaning that the model error accounts for over 30% of the total long-term water 

fluctuations in this well. This value could be as high as 68% averaged over all these wells.  

28. The USGS report explicitly mentions that this model is not suitable for simulating water level 

drawdown near a single well. However, water level elevations at the location of the Index 

Wells have been used as the basis to propose modified ASR Minimum Index Levels for over 

half of the Index Wells. 

 

Dated: February 15, 2019 

 

      _____________________________________ 

      MASIH AKHBARI  
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Table 1 Differences between 1998 and 2001 initial heads, water table elevations during the 

8-year drought and 2-year recovery periods at the location of the Index Wells (ft) 

 

  

Index 

Well #

Initial 

Head

End of 

Year 1

End of 

Year 2

End of 

Year 3

End of 

Year 4

End of 

Year 5

End of 

Year 6

End of 

Year 7

End of 

Year 8

End of 

Year 9

End of 

Year 10

1 6.4 8.1 7.7 6.7 5.5 4.6 3.9 3.3 2.8 2.5 2.1

2 19.7 12.6 10.1 8.3 6.9 5.8 4.9 4 3.5 3 2.6

3 16.8 5.6 3.9 3 2.4 1.9 1.6 1.3 1.1 1 0.8

4 10.6 7.2 7 6.6 6.2 5.8 5.3 4.7 4.3 3.8 3.4

5 16.2 13.1 12 10.6 9.2 8 6.9 6 5.1 4.5 4

6 27.5 18.1 12.8 9.7 7.6 6.2 5 4.2 3.5 2.9 2.4

7 27.7 14.9 10.4 7.7 6.1 4.8 4 3.3 2.8 2.4 2

8 4.4 5.2 5.1 5.1 4.9 4.8 4.5 4.2 3.8 3.4 3.1

9 18.6 15 13.4 11.8 10.3 8.9 7.8 6.7 5.9 5.1 4.5

10 32.4 22.8 17.3 13.6 11 9.1 7.5 6.3 5.4 4.6 3.9

11 25.7 16 11.5 8.8 6.9 5.6 4.6 3.9 3.2 2.8 2.4

12 8.2 0.9 0.6 0.3 0.3 0.2 0.2 0.1 0.1 0.2 0.1

13 5.7 2.5 2.5 2.8 2.8 2.8 2.8 2.5 2.3 2.1 1.7

14 14.5 10.6 9.2 8.2 7.1 6.3 5.4 4.9 4.2 3.7 3.2

15 22.4 18.7 15.4 12.8 10.7 9.1 7.8 6.7 5.7 4.8 4.1

16 22.9 20.5 16.4 13.4 11.2 9.4 8 6.7 5.7 4.8 4

17 16.1 6.6 4.6 3.4 2.7 2.1 1.7 1.4 1.2 1 0.8

18 2.4 1.8 1.8 2 2 2 1.9 1.7 1.5 1.3 1

19 5.4 5.6 5.4 4.9 4.3 3.9 3.4 2.9 2.5 2.2 2

20 14 13.3 11.7 10 8.6 7.2 6.3 5.3 4.6 4 3.5

21 21.2 17.8 14.9 12.5 10.5 8.9 7.5 6.3 5.4 4.7 3.9

22 18 10.5 7.3 5.4 4.2 3.4 2.8 2.3 1.9 1.6 1.3

23 12.8 1.5 0.8 0.5 0.4 0.3 0.3 0.2 0.2 0.2 0.2

24 0.3 0.5 0.5 0.7 0.7 0.6 0.5 0.5 0.4 0.3 0.3

25 -0.4 1.6 1.9 1.9 1.8 1.6 1.5 1.3 1.2 0.9 0.8

26 8.5 5.8 5.2 4.7 4 3.5 3 2.5 2.1 1.8 1.6

27 13.1 10 8.6 7.1 5.8 4.7 4 3.4 2.8 2.4 2

28 16.1 10.9 7.3 5.3 4 3.3 2.5 2 1.7 1.4 1.2

29 13.8 2.3 1.2 0.8 0.6 0.4 0.3 0.3 0.3 0.2 0.2

30 0.5 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.2

31 2.5 1.4 1 0.8 0.6 0.5 0.5 0.4 0.3 0.2 0.2

32 4.8 1.6 0.8 0.5 0.5 0.4 0.3 0.2 0.2 0.2 0.1

33 8.8 1.6 0.7 0.5 0.4 0.3 0.2 0.1 0.1 0.1 0.1

34 9.5 2.5 1.9 1.7 1.7 1.6 1.7 1.7 1.7 1.9 2

35 -1.3 0.3 0.2 0.4 0.3 0.4 0.3 0.3 0.3 0.2 0.1

36 1.4 0.3 0 0.2 0 0.1 0 0.1 -0.1 -0.2 -0.1

37 1.2 0.4 0.1 0.2 0.1 0.1 0 0 -0.1 -0.1 -0.1

38 5.9 3.7 3.1 3 3 3 2.9 3.1 2.9 3.1 3.1
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Table 2 Original (1998 - gray lines) and 2001 (white lines) initial heads as well as water table elevations during the 8-year 

drought and 2-year recovery periods at the location of the Index Wells (ft) 

Index 

Well # 

Initial 

Head 

End of 

Year 1 

End of 

Year 2 

End of 

Year 3 

End of 

Year 4 

End of 

Year 5 

End of 

Year 6 

End of 

Year 7 

End of 

Year 8 

End of 

Year 9 

End of 

Year 10 

1 
1437.8 1436.4 1435.3 1433.9 1433 1432 1431.3 1430.5 1430.1 1431 1432.1 

1444.2 1444.5 1443 1440.6 1438.5 1436.6 1435.2 1433.8 1432.9 1433.5 1434.2 

2 
1416.3 1414.6 1413.2 1411.8 1410.8 1409.8 1409.1 1408.4 1407.9 1409.1 1410.3 

1436 1427.2 1423.3 1420.1 1417.7 1415.6 1414 1412.4 1411.4 1412.1 1412.9 

3 
1394.5 1392.5 1391.8 1391.4 1390.9 1390.7 1390.3 1390.2 1390 1391.5 1392.1 

1411.3 1398.1 1395.7 1394.4 1393.3 1392.6 1391.9 1391.5 1391.1 1392.5 1392.9 

4 
1429.1 1427.8 1426.7 1425.5 1424.5 1423.2 1422.3 1421.3 1420.6 1421 1421.7 

1439.7 1435 1433.7 1432.1 1430.7 1429 1427.6 1426 1424.9 1424.8 1425.1 

5 
1419.6 1417.1 1415.8 1414.1 1412.9 1411.3 1410.3 1409 1408.4 1409.8 1410.8 

1435.8 1430.2 1427.8 1424.7 1422.1 1419.3 1417.2 1415 1413.5 1414.3 1414.8 

6 
1389.1 1387.5 1385 1382.3 1381.4 1379.6 1379.7 1379.5 1379.2 1381.8 1383.8 

1416.6 1405.6 1397.8 1392 1389 1385.8 1384.7 1383.7 1382.7 1384.7 1386.2 

7 
1381.2 1379.3 1377.4 1375.2 1374.1 1372.8 1372.3 1372.3 1372.1 1374.8 1376.7 

1408.9 1394.2 1387.8 1382.9 1380.2 1377.6 1376.3 1375.6 1374.9 1377.2 1378.7 

8 
1426.1 1424.9 1424 1422.8 1421.8 1420.6 1419.7 1418.7 1418.1 1418.5 1419.3 

1430.5 1430.1 1429.1 1427.9 1426.7 1425.4 1424.2 1422.9 1421.9 1421.9 1422.4 

9 
1406.4 1405.9 1404.5 1399.2 1399.9 1396.2 1396.5 1395.5 1394.9 1395.7 1397.4 

1425 1420.9 1417.9 1411 1410.2 1405.1 1404.3 1402.2 1400.8 1400.8 1401.9 

10 
1382.8 1381 1378.2 1374.1 1372.2 1369.5 1368.9 1368.5 1368.2 1372.2 1375.4 

1415.2 1403.8 1395.5 1387.7 1383.2 1378.6 1376.4 1374.8 1373.6 1376.8 1379.3 

11 
1375.5 1374.1 1371.9 1369.2 1367.6 1365.9 1365.3 1365 1365 1367.2 1369.6 

1401.2 1390.1 1383.4 1378 1374.5 1371.5 1369.9 1368.9 1368.2 1370 1372 

12 
1371.9 1370.8 1370.5 1370.7 1370.3 1370.5 1370.2 1370.5 1370.2 1371.5 1371.6 

1380.1 1371.7 1371.1 1371 1370.6 1370.7 1370.4 1370.6 1370.3 1371.7 1371.7 
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Index 

Well # 

Initial 

Head 

End of 

Year 1 

End of 

Year 2 

End of 

Year 3 

End of 

Year 4 

End of 

Year 5 

End of 

Year 6 

End of 

Year 7 

End of 

Year 8 

End of 

Year 9 

End of 

Year 10 

13 
1424.8 1423.2 1422.3 1420.9 1420.2 1419.1 1418.5 1417.8 1417.6 1419.4 1421.2 

1430.5 1425.7 1424.8 1423.7 1423 1421.9 1421.3 1420.3 1419.9 1421.5 1422.9 

14 
1402.9 1399.3 1397.2 1393.6 1392.5 1390.2 1389.6 1388.8 1388.4 1393.6 1396.7 

1417.4 1409.9 1406.4 1401.8 1399.6 1396.5 1395 1393.7 1392.6 1397.3 1399.9 

15 
1383.4 1380.7 1377.6 1372.5 1370.6 1367.3 1366.6 1366 1365.7 1370.2 1374 

1405.8 1399.4 1393 1385.3 1381.3 1376.4 1374.4 1372.7 1371.4 1375 1378.1 

16 
1373.7 1370 1365.9 1360 1358.4 1354.5 1354.6 1354.4 1354.2 1359.3 1363.1 

1396.6 1390.5 1382.3 1373.4 1369.6 1363.9 1362.6 1361.1 1359.9 1364.1 1367.1 

17 
1368.1 1366.4 1365.6 1364.8 1363.9 1363.4 1362.9 1362.8 1362.7 1364.2 1365 

1384.2 1373 1370.2 1368.2 1366.6 1365.5 1364.6 1364.2 1363.9 1365.2 1365.8 

18 
1423.7 1422.1 1421.4 1420.3 1419.8 1418.9 1418.6 1418 1418 1419.7 1421.2 

1426.1 1423.9 1423.2 1422.3 1421.8 1420.9 1420.5 1419.7 1419.5 1421 1422.2 

19 
1406 1404.2 1402.6 1400.6 1399.6 1398.2 1397.6 1397.1 1396.8 1399.1 1401.1 

1411.4 1409.8 1408 1405.5 1403.9 1402.1 1401 1400 1399.3 1401.3 1403.1 

20 
1387.5 1386.3 1384.3 1380.6 1378.6 1376.3 1375 1374.3 1373.8 1375.5 1378.2 

1401.5 1399.6 1396 1390.6 1387.2 1383.5 1381.3 1379.6 1378.4 1379.5 1381.7 

21 
1371 1368 1365.5 1359.9 1358.4 1354.7 1354 1353.2 1353 1356.4 1359.5 

1392.2 1385.8 1380.4 1372.4 1368.9 1363.6 1361.5 1359.5 1358.4 1361.1 1363.4 

22 
1361.8 1360 1358.5 1356.6 1355.4 1354.2 1353.6 1353.4 1353.4 1355.3 1356.9 

1379.8 1370.5 1365.8 1362 1359.6 1357.6 1356.4 1355.7 1355.3 1356.9 1358.2 

23 
1359.5 1357.4 1357.1 1356.9 1356.7 1356.6 1356.5 1356.6 1356.5 1358.2 1358.4 

1372.3 1358.9 1357.9 1357.4 1357.1 1356.9 1356.8 1356.8 1356.7 1358.4 1358.6 

24 
1419.3 1418 1417.5 1417.4 1416.9 1417 1416.6 1416.7 1416.4 1417.9 1418.3 

1419.6 1418.5 1418 1418.1 1417.6 1417.6 1417.1 1417.2 1416.8 1418.2 1418.6 

25 
1408.7 1407.2 1406.3 1405.6 1404.9 1404.5 1404 1403.9 1403.6 1405.5 1406.5 

1408.3 1408.8 1408.2 1407.5 1406.7 1406.1 1405.5 1405.2 1404.8 1406.4 1407.3 

26 
1390.3 1388.3 1386.6 1384.4 1383.7 1382.2 1382 1381.7 1381.6 1383.6 1385.1 

1398.8 1394.1 1391.8 1389.1 1387.7 1385.7 1385 1384.2 1383.7 1385.4 1386.7 
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Index 

Well # 

Initial 

Head 

End of 

Year 1 

End of 

Year 2 

End of 

Year 3 

End of 

Year 4 

End of 

Year 5 

End of 

Year 6 

End of 

Year 7 

End of 

Year 8 

End of 

Year 9 

End of 

Year 10 

27 
1374 1373.6 1371.8 1369.2 1367.2 1365.5 1364.5 1364.3 1364.4 1365.8 1367.8 

1387.1 1383.6 1380.4 1376.3 1373 1370.2 1368.5 1367.7 1367.2 1368.2 1369.8 

28 
1357.3 1356.5 1352.1 1347.3 1346.3 1343.8 1345.5 1346.9 1347.6 1351.3 1353.8 

1373.4 1367.4 1359.4 1352.6 1350.3 1347.1 1348 1348.9 1349.3 1352.7 1355 

29 
1354.7 1352.5 1351.4 1350.6 1350.6 1350.2 1350.6 1350.8 1350.9 1352.9 1353.4 

1368.5 1354.8 1352.6 1351.4 1351.2 1350.6 1350.9 1351.1 1351.2 1353.1 1353.6 

30 
1389.7 1388.2 1387.3 1387.2 1386.7 1386.8 1386.5 1386.9 1386.5 1388.2 1388.5 

1390.2 1389.2 1388.2 1388 1387.4 1387.4 1387 1387.3 1386.8 1388.4 1388.7 

31 
1379.7 1378.2 1377.2 1377.1 1376.5 1376.6 1376.2 1376.7 1376.4 1378.1 1378.5 

1382.2 1379.6 1378.2 1377.9 1377.1 1377.1 1376.7 1377.1 1376.7 1378.3 1378.7 

32 
1366.9 1365.3 1363.9 1363.5 1363 1363 1363 1363.7 1363.4 1365.4 1366 

1371.7 1366.9 1364.7 1364 1363.5 1363.4 1363.3 1363.9 1363.6 1365.6 1366.1 

33 
1353.8 1351.6 1350.1 1349.3 1349.4 1349 1349.7 1350.2 1350.1 1352.3 1352.7 

1362.6 1353.2 1350.8 1349.8 1349.8 1349.3 1349.9 1350.3 1350.2 1352.4 1352.8 

34 
1347.2 1345.4 1345 1344.9 1344.8 1344.8 1344.9 1345.1 1345 1346.5 1346.6 

1356.7 1347.9 1346.9 1346.6 1346.5 1346.4 1346.6 1346.8 1346.7 1348.4 1348.6 

35 
1376 1375.2 1374.4 1374.9 1374.2 1374.8 1374.2 1374.9 1374.2 1375.7 1375.8 

1374.7 1375.5 1374.6 1375.3 1374.5 1375.2 1374.5 1375.2 1374.5 1375.9 1375.9 

36 
1365.8 1364.5 1363.6 1363.9 1363.3 1363.8 1363.3 1364 1363.5 1365.2 1365.3 

1367.2 1364.8 1363.6 1364.1 1363.3 1363.9 1363.3 1364.1 1363.4 1365 1365.2 

37 
1355.7 1354.1 1353.1 1353.2 1352.8 1353.1 1352.9 1353.5 1353.1 1354.9 1355.1 

1356.9 1354.5 1353.2 1353.4 1352.9 1353.2 1352.9 1353.5 1353 1354.8 1355 

38 
1346.1 1344.1 1343.6 1343.6 1343.4 1343.5 1343.5 1343.7 1343.6 1345.2 1345.4 

1352 1347.8 1346.7 1346.6 1346.4 1346.5 1346.4 1346.8 1346.5 1348.3 1348.5 
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Table 3 Comparison between simulated and observed water levels in selected monitoring wells (data downloaded from Table 9 

in the USGS report, listed on Page 89 of the report) 

 

(A) 

Monitoring 

Well # 

(B) 

Observation 

Period 

(C) 

Difference between 

minimum and 

maximum observed 

values over the 

Observation 

Period(ft) 

(D) 

Max difference 

between 

observed and 

simulated 

values (ft) 

(E) 

Average absolute 

difference 

between 

observed and 

simulated values 

(ft) 

(F) 

Ratio of 

Column 

D to 

Column 

C 

(G) 

Ratio of 

Column 

E to 

Column 

C 

(H) 

Mostly 

under- or 

overestimate 

(I) 

Do Simulated 

Data Follow 

the Trend of 

the Observed 

Data? 

546 1939-1998 6.99 6.67 2.02 95% 29% U N 

733 1938-2008 16.17 4.92 1.77 30% 11% U Y 

741 1952-2008 8.21 4.95 3.03 60% 37% U Y 

819 1939-2008 3.09 3.02 2.18 98% 71% U Y 

857 1958-2008 14.11 6.28 2.96 45% 21% U Y 

868 1952-2008 10.72 5.76 2.11 54% 20% U Y 

982 1958-2008 9.51 3.72 1.07 39% 11% O After 1990 

1037 1952-2008 16.04 3.69 1.78 23% 11% Even Y 

1038 1939-2008 37.01 8.59 1.98 23% 5% Even Y 

1053 1939-2008 4.76 4.38 2.49 92% 52% U N 

1149 1952-2008 11.75 5.53 2.18 47% 19% U Y 

1151 1939-2008 26.01 5.33 1.97 20% 8% O Y 

1155 1939-2008 4.85 2.72 0.97 56% 20% U Y 

1253 1939-2008 4.90 2.64 0.89 54% 18% U Y 

1313 1939-2008 6.63 3.25 1.03 49% 16% O Y 

1355 1952-2008 14.71 5.54 2.10 38% 14% O Y 

1445 1958-2008 12.89 4.98 2.00 39% 16% O Y 

1448 1939-2008 4.02 3.87 1.38 96% 34% O Y 

1525 1939-2008 3.59 8.62 5.02 240% 140% U N 

1692 1970-2008 5.31 8.36 3.50 157% 66% U N 
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Table 4 Copy of Table 2-10 of the ASR Permit Modification Proposal: Development of 

Proposed ASR Minimum Index Levels 
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Figure 1 Annual water level changes within the BSA before, during, and after drought as well as after 2 years of recovery 
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Figure 1 Continued. Annual water level changes within the BSA before, during, and after drought as well as after 2 years of recovery  
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Figure 2 Annual water level changes at selected Index Wells during the 8-year drought and 2-year recovery 
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Figure 2 Continued. Annual water level changes at selected Index Wells during the 8-year drought and 2-year recovery 



23 

 

  

  
Figure 2 Continued. Annual water level changes at selected Index Wells during the 8-year drought and 2-year recovery 
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Figure 2 Continued. Annual water level changes at selected Index Wells during the 8-year drought and 2-year recovery 
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Figure 3 Copy of Figure 34 of the USGS Report: Monitoring well locations used for the 

transient calibration simulation 
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Figure 4 Copy of Figure 40 of the USGS Report: Simulated and observed groundwater 

levels for selected wells  
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Figure 4 Continued. Copy of Figure 40 of the USGS Report: Simulated and observed 

groundwater levels for selected wells  
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Figure 4 Continued. Copy of Figure 40 of the USGS Report: Simulated and observed 

groundwater levels for selected wells  
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Figure 4 Continued. Copy of Figure 40 of the USGS Report: Simulated and observed 

groundwater levels for selected wells 
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Figure 5 Copy of Figure 41 of the USGS Report: Observed and simulated cumulative 

streamflow gains and losses for the Arkansas and Little Arkansas Rivers for the transient 

simulation 
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Computer: 

o MODFLOW, ModelMuse, RiverWare, ArcGIS, ArcSWAT, WEAP21, RTEMP, WQRRS, JMP, Indicators of 

Hydrologic Alteration (IHA), Time Series Tool (TSTool), Microsoft Office (Word, Excel, Access, PowerPoint, 
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2009-2012 Cultural Mentor, Office of International Programs, Colorado State University (CSU), Fort Collins, CO 

o Assisting more than 800 new international students 

o Assisting with orientation sessions 

o Facilitating small group discussions during orientations 

o Maintaining communication throughout the semester to make sure the students have a successful 
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o Serving as a knowledgeable, friendly, and culturally sensitive representative of CSU 

 

2010-2012 Community Coordinator, Apartment Life, Housing and Dining Services, Colorado State University, Fort 

Collins, CO 

Awarded “Spirit of Apartment Life” for outstanding leadership, community building and communication 

o Providing service to more than 500 American and international students 

o Implementing and evaluating a variety of educational, social, and cultural programs to promote 

community development 

o Managing conflicts between the community members 

o Serving as an active member of Apartment Life programming and training committees 

o Acting as staff for large-scale events in area and on campus 

o Making initial contact with new members of the community and on an ongoing basis thereafter 

o Writing articles for the Apartment Life newsletter 

 

2011 -2012 Improving Teaching Skills Seminars, outlined based on ASCE Teaching Workshops on the “ExCEEd 

Model,” Attended at Colorado State University, Fort Collins, CO 

o Principles of effective teaching 

o Students’ learning styles 

o Organizing a class 

o Writing skills  

o Speaking skills 

 

May 2011 The LeaderShape Institute, Pingree Park, Colorado State University-Mountain Campus, CO 

o Attended and Graduated from the LeaderShape program, a week­long program to learn how to respect 

diversity and lead with integrity 

o Learned an effective method of leadership and accomplishing large visions 

o Learned how to: 

• Act consistently with core and ethical values, personal values and convictions  

• Enlarge leadership capacity 

• Develop and enrich relationships 

• Respect the dignity and contributions of all people 

• Believe in a healthy disregard for the impossible 
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INTRODUCTION 19 

 20 

 Balleau Groundwater, Inc. (BGW) has been retained by Wendling Law, LLC and Adrian & 21 

Pankratz, P.A. to provide technical information and opinions regarding hydrologic effects associated 22 

with City of Wichita ASR Permit Modification Proposal (hereafter “the Proposal”) (Burns & 23 

McDonnell, 2018a).  Wendling Law, LLC provided model files and a transmittal (Macey, 2018) 24 
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with the files associated with the City of Wichita Aquifer Storage and Recovery (ASR) Permit 25 

Modification Proposal.  The City’s ASR Permit Modification Proposal includes analysis based on 26 

the USGS model (Kelly and others, 2013) of the Equus Beds aquifer.  Burns & McDonnell (BMcD) 27 

performed the model analysis.  The USGS model provides a technical basis for the City’s Proposal 28 

and for annual accounting (Burns & McDonnell, 2018b) of ASR recharge credits compatible with a 29 

condition of approval in existing permits required to capture, store and recover water for the City’s 30 

beneficial use.  BGW’s assessment of hydrologic effects related to the City’s Proposal emphasizes 31 

information contained in the Proposal and considers related technical documents (listed in the 32 

references section of this report).  BGW also obtained a copy of the original distribution of the 33 

USGS model to inspect the files and modeled water budget.   34 

 35 

 As part of the technical assessment, we inspected and ran the model files the City (Macey, 36 

2018) provided and compared the files to the original USGS files.  In the course of doing so, we 37 

observed a difference between specifications in the USGS model and the model provided by the 38 

City, namely the ratio of horizontal to vertical hydraulic conductivity simulated between model 39 

layers.  BMcD reports that no changes were made to the original construction or hydrogeologic 40 

properties of the original USGS model (Burns & McDonnell, 2018a, p. 2-7 and 2018b, p. 4-1).  The 41 

reason for the change is not clear.  The upshot is that we found the alteration to model specifications 42 

does not result in a significant change to certain technical aspects we evaluated in the Proposal.  For 43 

example, we evaluated the BMcD analysis that defines the proposed minimum index levels in both 44 

model versions and found the change is on the order of a few feet or less.  However, unless there is a 45 

reason to deviate from the original USGS model concept, we recommend the City accounting of 46 

recharge credit and the analysis in the Proposal be updated accordingly to confirm that other 47 

potentially significant factors do not turn up.  Keeping the ratio of horizontal to vertical hydraulic 48 

conductivity the same as in the USGS model should improve simulation of hydrologic conditions in 49 

west Harvey County (northwest corner of the basin storage area) where anisotropy between model 50 

layers is known to occur.  The description of the ratio of horizontal to vertical hydraulic conductivity 51 

represented in the model is described by the USGS (Kelly and others, 2013, p. 34).   52 

 53 

 In our technical assessment, we evaluated the City’s Proposal using the model as provided 54 

by the City and using the USGS model in its original form.  We found that the results in both sets of 55 

model simulations are not different enough to affect our overall conclusions.  To remain consistent 56 

with the original USGS concept, herein we present results from our assessment with the model in its 57 

original USGS form.  58 
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 59 

HYDROLOGIC EFFECTS OF 1% DROUGHT SIMULATION IN PROPOSAL 60 

 61 

 BMcD describes the 1% drought simulation in the Proposal to stem from a decision by the 62 

City to utilize a 1% exceedance probability drought for resource planning of future water supplies.  63 

The decision prompted BMcD to develop a drought analysis with the USGS model to assess 64 

hydrologic conditions in the Basin Storage Area (BSA).  In the process of evaluating scenarios of 65 

prolonged drought, BMcD found that some water levels in the BSA1 are projected to drop below the 66 

minimum index water levels, which triggers a condition that prevents diversion of ASR recharge 67 

credit water in the City’s current ASR permit.  Accordingly, BMcD’s analysis is the technical basis 68 

for the Proposal to revise the minimum index levels by lowering them so the City could divert ASR 69 

recharge credit water during an extended drought.   70 

 71 

 The BMcD analysis in the Proposal presents results of the 1% drought simulation in the 72 

context of water-level elevations and percent of saturated thickness of the aquifer.  The results are 73 

based on the total City pumping (non-credit and ASR recharge credit) represented in the 1% drought 74 

simulation (Burns & McDonnell, 2018a, Table 2-5).  The model has the capability of isolating 75 

hydrologic effects from components of City pumping.  For example, the BMcD 1% drought analysis 76 

can be adapted to quantify the hydrologic effect of pumping the ASR recharge credit.  Figure 1 77 

shows how the hydrologic system responds to City ASR recharge credit pumping in the 1% drought 78 

simulation.  Initially, the pumping produces most of the water from aquifer storage, but as pumping 79 

continues, the cone of depression from groundwater pumping induces (depletes) flow from the Little 80 

Arkansas and Arkansas rivers.  A notable observation on Figure 1 is that stream depletion continues 81 

to occur for years after groundwater pumping ceases.  This lagged depletion response occurs 82 

because, even though pumping has stopped, stream depletion continues to fill in the cone of 83 

depression that was caused when the well was pumping.  84 

 85 

 The proximity of the City wells to the rivers results in groundwater operations 86 

(diversion/injection) affecting river flow within one year of pumping.  Below we expand on this 87 

technical approach of analyzing hydrologic effects from different components of City pumping 88 

(Figure 1) with an examination of hydrologic effects that considers an example of diverting 89 

groundwater that causes drawdown to the level of the proposed minimum index level. 90 

                                                      
1 In the Proposal, BMcD reports that water levels in about half of the index cells lowered below the current 

minimum index level in their 1% drought analysis (Burns & McDonnell, 2018a, Table 2-10).  
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 91 

 The BMcD 1% drought analysis results in some water levels in the BSA dropping below the 92 

current minimum index level, thereby preventing the City from diverting ASR credit water.  To 93 

clarify, the revised minimum index levels in the Proposal do not directly represent the modeled 94 

water levels in the BMcD drought analysis.  To determine the revised minimum index level in the 95 

Proposal, BMcD added a contingency to the water levels modeled at the end of the drought 96 

simulation.  That is, the proposed minimum index levels are at a lower elevation than that modeled 97 

in the 1% drought analysis.  We are interested in quantifying hydrologic effects associated with the 98 

City potentially diverting ASR recharge credit from the depth limited by the proposed minimum 99 

index level.  Accordingly, to quantify the hydrologic effects associated with the Proposal, model 100 

analysis in addition to the BMcD scenario is needed. 101 

 102 

 In our assessment of City groundwater pumping, we used the model to quantify hydrologic 103 

effects from three categories of pumping: A) diversion of groundwater without ASR credit (i.e. 104 

pumping 40,000 AF/y), B) diversion of ASR recharge credit water with the constraint of the existing 105 

minimum index level (1993 level) and C) diversion of ASR recharge credit water with the lowering 106 

of the existing minimum index level to the proposed level.  The analysis approach allows for 107 

quantifying the potential hydrologic effect of the Proposal (i.e. presenting an example of hydrologic 108 

effects if the City diverted groundwater that caused drawdown to the proposed minimum index 109 

level).  An assessment of the categories of pumping associated with causing drawdown to the 110 

minimum index levels is possible with the Multi-Node Well package (Konikow and other, 2009) that 111 

is used in the USGS model. 112 

 113 

 The MNW package has utility for analyzing well yield that is limited in association with a 114 

lowered pumping water level, typically near the pump intake.  For example, when the pumping 115 

water level in a well approaches the pump intake, a threshold is eventually crossed when the yield 116 

must decline to prevent air from entering the intake.  That threshold can be set as a limit in the 117 

modeled representation of pumping wells.  The same concept can be used to estimate credit water 118 

diverted from City wells by setting a limit that matches the minimum index water level.  Running a 119 

series of simulations compatible with the BMcD 1% drought scenario, with limits set at both the 120 

current (1993) and proposed minimum index levels for ASR credit pumping, allows for analyzing 121 

the hydrologic effects of the three categories of pumping described above. 122 

 123 
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Hydrologic Budget Analysis 124 

 125 

Scenario A – City Pumping 40,000 AF/y (without ASR Credit) 126 

 127 

 The pumping schedule to assess the effect of pumping without ASR credit is based on the 128 

City goal of using 40,000 acre feet per year (AF/y) from the Equus Beds wellfield (EBWF) prior to 129 

use of ASR recharge credits (Burns & McDonnell, 2018a, p. 2-5).2  Figure 2 shows the hydrologic 130 

system response to the City pumping 40,000 AF/y during the 1% drought scenario.  In the first year 131 

of pumping, approximately 20 percent of the pumping amount (10 cfs) is depleted from the river 132 

system; by the second year, about 35 percent of the pumping amount (20 cfs) is depleted.  133 

 134 

Scenario B – City Pumping ASR Recharge Credit to Current Minimum Index Level 135 

 136 

 The pumping schedule for diverting ASR recharge credit is based on using the model to 137 

solve for the amount of credit water that can be diverted from above the current minimum index 138 

level.  The analysis is derived by running the 1% drought scenario with the City goal of diverting 139 

40,000 AF/y and using the MNW-well capability to determine the amount of water remaining 140 

above the current minimum index levels that can also be diverted.  That amount of water remaining 141 

is the ASR recharge credit water that can potentially be diverted with the City’s existing ASR permit 142 

(subject to also pumping 40,000 AF/y).  The analysis allows for isolating the potential ASR recharge 143 

credit water that can be diverted in the 1% drought scenario.  Figure 3 shows the quantity of that 144 

water and the hydrologic system response of pumping it.  The total amount water diverted is about 145 

14,900 acre feet, which indicates that, if the City prioritizes pumping 40,000 AFY to pumping ASR 146 

recharge credit, much of the water diverted from above the current minimum index level is to satisfy 147 

the goal of diverting 40,000 AF/y. 148 

 149 

Scenario C – City Pumping ASR Recharge Credit to Proposed Minimum Index Level 150 

 151 

 Analyzing the effect of the Proposal (Scenario C) is similar to Scenario B, except the limit on 152 

the minimum index level in the MNW wells is lowered from the current permitted level to the 153 

proposed level.  The analysis identifies the potential ASR recharge credit that could be diverted if 154 

                                                      
2 This is similar to the BMcD 1% drought scenario which simulates approximately 40,000 AF/y of non-credit 

water diverted from the EBWF in all eight years of the drought, except the first year when 34,202 AF is 

diverted.  
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drawdown from City pumping occurred to the level of the proposed minimum index level.  Figure 4 155 

shows the hydrologic system response to that diversion and indicates the amount of ASR recharge 156 

credit water that could produced is 79,500 acre feet, which is in addition to the 14,900 acre feet 157 

produced in Scenario B. 158 

 159 

Discussion of Budget Analysis 160 

 161 

 The hydrologic budget analysis provides insight to system response in the context of City 162 

pumping that causes drawdown to the proposed minimum index level.  Points are apparent 163 

regarding stream depletion in consideration of minimum desirable streamflow (MDS) and surface-164 

water availability. 165 

 166 

Minimum Desirable Streamflow 167 

 168 

 The permit that regulates the City’s ASR project restricts the recovery of recharge credits to 169 

periods when water levels are above the established minimum index level (Burns & McDonnell, 170 

2018a, p. 1-1).  The proposal seeks to revise the minimum index level to a lower elevation, which 171 

would allow a new diversion of groundwater.  Figure 4 shows the potential credit water that could 172 

be diverted results in up to 10 cubic feet per second (cfs) of depletion to the Little Arkansas and 173 

Arkansas rivers 174 

 175 

 The minimum desirable streamflow (MDS) established at the gage on the Little Arkansas at 176 

Valley Center is 20 cfs.3  Figure 5 shows a chart of flow at that gage during the two years (2011 and 177 

2012) that characterize the 1% drought scenario.  During that time, flow at the gage is below 20 cfs 178 

49 percent of the time.  A change in flow of 5 cfs at that gage (assuming about half of the impact 179 

occurs on the Arkansas River) during the drought, would impact MDS flow so that it is less than 20 180 

cfs about 53 percent of the time (Figure 5).  The percentages translate to about one month of MDS 181 

flow not met due to drawing down water levels from the current minimum index level to the 182 

proposed level. 183 

 184 

 The City wells are located in between the Little Arkansas and Arkansas rivers and analysis 185 

indicates that diversion/injection of water into the BSA affects river flow.  During times when water 186 

                                                      
3 The minimum desirable streamflow on the Little Arkansas River is 20 cfs every month of the year (K.S.A. 

82a-703c.) 
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levels are low in the BSA, injection of credit water into the aquifer will initially fill aquifer storage 187 

and eventually add flow to the river system and to evapotranspiration.  However, during times of 188 

drought, when MDS flow is generally of concern, the Proposal seeks to recover credit water from 189 

below the current minimum index level, which will cause a new depletion to the river system that 190 

impacts MDS flow. 191 

 192 

Surface-water availability 193 

 194 

 The USGS model simulates the Little Arkansas and Arkansas rivers as a boundary condition 195 

that does not account for total streamflow.  That is, if segments of the river near the City dry out or 196 

have low flow during a drought, the model does not account for it.  In that setting, there is potential 197 

for the model to overestimate river depletion from pumping, which translates to an underestimation 198 

of drawdown to aquifer water levels.  The situation would affect accounting of ASR recharge credit.  199 

We inspected flow on the Little Arkansas River during the drought of 2011 and 2012 and found flow 200 

was less than 1 cfs about 30 percent of the time; on the Arkansas River, flow was less than 10 cfs 201 

over 20 percent of the time.  Those quantities of flow can be depleted by the City pumping 40,000 202 

AF/y (i.e. Figure 2 shows pumping 40,000 AF/y causes 10 cfs of river depletion in the first year of 203 

pumping and 20 cfs by the second year).  Accordingly, we recommend calibrating the model with a 204 

river boundary condition that accounts for routed streamflow to improve conditions represented in 205 

adjacent rivers.  206 

 207 

Drawdown to Aquifer Water Levels and Well Impacts 208 

 209 

 Scenarios A, B and C described above provide a basis for an examination of an example City 210 

pumping condition that draws down water levels to the proposed minimum index level (i.e. 211 

diverting 40,000 AF/y and ASR recharge credit water).  Figure 6 shows drawdown from each of the 212 

scenarios at the eighth year of the drought.4  The drawdown illustrates an example of potential 213 

water-level impacts from City pumping if the Proposal is approved.  Information on local wells can 214 

be compared to the drawdown on Figure 6 to assess potential impacts to well water columns.  The 215 

total drawdown to the proposed minimum index level is the sum of drawdown from Scenarios A, B 216 

and C. 217 

 218 

                                                      
4 On Figure 6, Scenario B shows generally less than 1 foot of drawdown in most of the BSA. 
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 For an assessment of potential impacts to local wells, we accessed well construction 219 

information from the Water Well Completion Records (WWC5) database available from the Kansas 220 

Geological Survey (KGS).5  We supplemented the WWC5 well data with additional well 221 

information6 provided by the Intervenors (Ecomm, 2019).  We then mapped the wells in the area of 222 

the drawdown resulting from Scenarios A, B and C and compared total drawdown to well water 223 

columns (less 10 feet)7 to assess whether the wells could be impacted from lowering water levels to 224 

the proposed minimum index level.  Figure 7 shows 35 wells with water columns less than the total 225 

drawdown from Scenarios A, B and C indicating potential for some wells in the BSA to lose 226 

capacity to produce water as a result of City pumping that could occur if City groundwater 227 

withdrawals cause drawdown to the elevation of the proposed minimum index level.  Out of the 35 228 

wells, 29 are impacted from the City pumping 40,000 AF/y and 6 are impacted from pumping ASR 229 

recharge credit down to the minimum index level.  The aquifer drawdown assessment herein 230 

represents an example City pumping scheme that causes drawdown to the proposed minimum index 231 

level.  Other City pumping schemes are possible that can affect the number of impacted wells.  232 

However, the analysis herein clarifies that the overall magnitude of drawdown to the minimum 233 

index level, caused by City well diversions, exceeds the water column expected to be needed by 234 

some wells in the area. 235 

 236 

 Figure 7 shows the locations of City wells as red circles.  The red circles represent the 237 

location of the well and a 660-foot buffer around the well location.  We note that out of the wells 238 

potentially impacted, many of them are located at distances greater than 660 feet from the City 239 

wells.  This indicates that the minimum well spacing regulation (K.A.R. 5-22-2) for domestic wells 240 

(660 feet), from other wells in a subject application, is not sufficient to provide protection from 241 

                                                      
5 Since 1975, drilling companies have been mandated by state legislation to provide well information that 

typically includes well depth and a static depth to water (http://www.kgs.ku.edu/HighPlains/data/, data 

accessed Jan 18, 2019).  We quantified well water columns from reported depth to water and well depths in 

WWC5.  The available data is not expected to include all area wells since wells are anticipated to have been 

drilled prior to 1975. 
6 The information provided for most of the Intervenor wells included a water rights number.  For those wells, 

we cross-referenced water rights numbers with the Water Information Management and Analysis System 

(WIMAS) to determine well location.  For wells that did not have a water rights number, we mapped the 

wells to the nearest section of the Public Land Survey.  Most of the Intervenor wells did not have depth to 

water.  To estimate well water columns, we cross-reference the well locations with a year 2016 digital water-

level surface adapted from the USGS 

(https://www.sciencebase.gov/catalog/item/5824e0b9e4b0c05b678c45dd).  
7 We subtracted 10 feet from the well water columns to allow for pump submergence while the well is 

operating with a pumping water level.  This is a general estimate that could be refined in a case-by-case 

setting if specific area wells are examined for impacts from groundwater pumping. 



STATE OF KANSAS – BEFORE THE DIVISION OF WATER RESOURCES, Case No. 18 WATER 14014, FEBRUARY 2019 

 

 

9 of 16                                 BALLEAU GROUNDWATER, INC. 

 

 

excessive drawdown, suggesting a case-by-case assessment is needed to consider impacts from City 242 

well diversions. 243 

 244 

Water Quality Change 245 

 246 

 The USGS evaluated chloride transport in the Equus Beds aquifer in a preliminary study 247 

(Klager and others, 2014) that is based on the USGS groundwater flow model used for the analysis 248 

described herein.  The USGS analysis examines pumping scenarios (and one recharge scenario) 249 

involving variations in regional and municipal pumping to develop an understanding of chloride 250 

displacement that may occur.  A summary of selected USGS results is shown on Figure 8, which is 251 

adapted from Figure 27 of Klager and others (2014).  Figure 8 shows the greatest potential for 252 

chloride migration is located generally north of the Arkansas River along the southern portion of the 253 

BSA.  Similar to the USGS technical approach, we examined chloride displacement based on the 254 

Proposal and found potential for hundreds of feet of displacement of water with chloride resulting 255 

from lowering water levels to the proposed minimum index level; the displacement is generally in 256 

the same location (southern portion of the BSA) as that of the USGS analysis.  However, the USGS 257 

notes that modeled chloride in this area moved northeast at a higher rate than is observed in the field 258 

data (Klager and others, 2014, p. 72).8  Accordingly, the modeled displacement of chloride in this 259 

area is overestimated.  The USGS also reports their analysis results indicate potential for the Burrton 260 

plume to continue migrating toward the City wellfield (Klager and others, 2014, p. 72).  If the City 261 

diverts groundwater resulting in lowering water levels to the proposed minimum index level, there is 262 

increased potential to induce migration of chloride from the areas of Burrton and the Arkansas 263 

River.   264 

 265 

 In the USGS study, the groundwater flow model was not altered to calibrate the solute-266 

transport model to observed chloride concentration data (Klager and others, 2014, p. 71).  The 267 

USGS indicates achieving better performance of chloride transport may require changes to the 268 

groundwater model and that future model updates will allow opportunities for that type of 269 

calibration.  We agree with that assessment.  In the Proposal, the City does not describe potential 270 

water quality changes associated with lowering the minimum index level.  We are not familiar with 271 

the level of detail in which the City has evaluated potential water quality impacts in the context of 272 

the Proposal.  Further development of the chloride displacement analysis along the line described by 273 

                                                      
8 In the shallow part of the aquifer, the model simulated chloride movement at a rate about 2x that of observed 

data; in the deep aquifer, the modeled rate of movement was about 4x that of observed. 
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the USGS is expected to enhance the model for use in assessing potential water quality impacts.  We 274 

recommend proceeding along that line in attempt to identify potential issues that may arise if 275 

drought conditions prompt the City to divert groundwater that causes drawdown to the proposed 276 

minimum index level. 277 

 278 

PROPOSED ASR ACCOUNTING METHODOLOGY 279 

 280 

 Section 4.0 of the Proposal describes an accounting method for ASR credits.  The method 281 

uses a response-function type of approach that considers a 5 percent initial loss from the BSA the 282 

first year and a 3 percent loss in subsequent years.  BMcD shows that the proposed recharge 283 

accounting mirrors the current accounting approach, but with a deviation that occurs when water 284 

levels increase in the BSA. 285 

 286 

 BMcD indicates the calculation of tracking recharge credits across the BSA is a very detailed 287 

procedure requiring a substantial amount of data preparation and processing and that there is shared 288 

interest (DWR, GMD2 and the City) in developing a simplified accounting process.  Accordingly, 289 

there is utility in simplifying the accounting process with a response-function type of approach.  290 

However, the USGS model accounts for the physical structure of the aquifer system and the 291 

associated change in aquifer system/river response associated with changes in water levels in the 292 

BSA.  If using the USGS model is definitively too burdensome, we recommend developing a 293 

response function that accounts for both low and high water levels in attempt to improve the 294 

performance of the simplified accounting method over varying aquifer conditions.  Technical 295 

coordination with BMcD would provide insight to the basis behind the proposed simplification 296 

approach and whether development of an alternative response function can provide an improved 297 

simplification technique.  298 

 299 

SUMMARY AND CONCLUSIONS 300 

 301 

1. The City of Wichita currently has a permit for ASR water operations that is conditioned to 302 

allow recovery of ASR recharge credit if water levels are above a specified minimum index 303 

level.  The City is proposing to lower the minimum index level to allow for diverting 304 

additional ASR recharge credit that may be needed in the event of a drought. 305 

2. On behalf of the City, BMcD developed a 1% drought simulation as a basis for the ASR 306 

Permit Modification Proposal.  The analysis engine for the simulation is the USGS model of 307 
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the Equus Beds aquifer (Kelly and others, 2013).  The model the City provided to GMD2 308 

differs from the USGS model in that ratio of horizontal to vertical hydraulic conductivity is 309 

modified.  We found the modification does not affect the model analysis enough to affect 310 

our overall conclusions described herein.  However, unless there is a reason to deviate from 311 

the original USGS model concept, we recommend the City accounting of recharge credit 312 

and the analysis in the Proposal be updated accordingly to confirm that potentially 313 

significant factors do not arise. 314 

3. The BMcD analysis of the 1% drought simulation presents hydrologic results in terms of 315 

general water-level elevations and percent of saturated thickness in the Basin Storage Area 316 

(BSA).  The model analysis illustrates that pumping proposed during the 1% drought results 317 

in lowering about half of the water levels in the index cells of the BSA below the current 318 

minimum index level.  The proposed minimum index level is lower than that derived from 319 

the model simulation.  However, BMcD does not present an analysis quantifying hydrologic 320 

effects from pumping that could cause drawdown to that proposed minimum index level. 321 

4. We present an analysis of an example scenario in which the City pumps groundwater, 322 

consistent with a goal to utilize 40,000 AF/y from its wellfield prior to use of ASR recharge 323 

credits.  The scenario represents diversion of groundwater causing drawdown to the 324 

proposed minimum index level to characterize associated hydrologic effects.  We also 325 

illustrate that the USGS model utility for simulation of wells includes capability for 326 

separating the hydrologic effects of City pumping non-credit water from ASR recharge credit 327 

water with consideration of the current and proposed minimum index levels.  The 328 

assessment provides insight to hydrologic effects in the context of the new pumping that 329 

could occur if the minimum index levels are lowered. 330 

5. The proximity of the City wells to the Little Arkansas and Arkansas rivers, and the aquifer 331 

properties, results in a high degree of connection between groundwater in the BSA and the 332 

rivers.  In the first year of City pumping, approximately 20 percent of the pumping amount is 333 

depleted form the river system.  If the City diverts ASR recharge credit water causing 334 

drawdown to the proposed minimum index level, a new depletion is anticipated to occur at 335 

the Valley Center MDS gage.  Given that the Proposal is based on pumping during drought 336 

conditions, the impact is consistent with a time when MDS gage flows are a concern.  The 337 

MDS flow at the Valley Center gage is 20 cfs every month of the year. 338 

6. We recommend calibrating the USGS model with a representation of rivers that accounts for 339 

total streamflow.  During drought conditions, flow on the Little Arkansas and Arkansas 340 

rivers has lowered to quantities compatible with estimated stream depletion from City 341 
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groundwater pumping.  In that setting, there is potential for overestimating stream depletion, 342 

which translates to an underestimation of aquifer storage depletion.  Refining the technique 343 

of modeling the rivers would improve representation of local hydrologic conditions and may 344 

translate to an improved account of ASR recharge credit. 345 

7. We examined aquifer water-level response in the BSA from an example of City groundwater 346 

pumping that causes drawdown to the level of the proposed minimum index level.  The 347 

drawdown is caused by the City pumping 40,000 AF/y in combination with diverting ASR 348 

recharge credit.  The total drawdown is up to approximately 30 feet.  We compared the 349 

drawdown from the scenario to information on local well water columns.  The result 350 

indicates that up to 35 wells are identified with potential to lose capacity to produce water 351 

from the total drawdown.  Out of the 35 wells, 29 are impacted from the City pumping 352 

40,000 AF/y and 6 are identified to be impacted from the City diverting ASR recharge 353 

credits down to the proposed minimum index level.  This observation indicates that some 354 

wells in the area can be reasonably anticipated to require a remedy associated with lowering 355 

water levels to the proposed minimum index level.  Information on local well water columns 356 

is from the WWC5 database that includes records beginning in 1975.  Accordingly, we 357 

anticipate the drawdown assessment does not include all of the local area wells.  Some of the 358 

wells (domestic) are located greater than 660 feet from City wells indicating the minimum 359 

well spacing regulation (K.A.R 5-22-2) is not sufficient to provide protection from excessive 360 

drawdown caused by City pumping.  This observation suggests a case-by-case assessment is 361 

needed to consider impacts from City well diversions. 362 

8. Preliminary USGS study of chloride transport indicates potential for migration from the 363 

Burrton area and generally north of the Arkansas River along the southern portion of the 364 

BSA.  The USGS notes that modeled chloride (along the southern portion of the BSA) 365 

moved northeast at a higher rate than is observed in the field data.  If the City diverts 366 

groundwater resulting in lowering water levels to the proposed minimum index level, there is 367 

increased potential to induce migration of chloride from the areas of Burrton and the 368 

Arkansas River toward other wells in the area.  The USGS chloride transport analysis was 369 

based on the existing groundwater flow model without alterations to improve performance 370 

of the solute transport model.  It would be prudent to proceed with further development of 371 

the chloride displacement analysis in attempt to identify potential issues that may arise if 372 

drought conditions prompt the City to divert groundwater that causes drawdown to the 373 

proposed minimum index level.  374 
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9. The calculation of tracking recharge credits is reported to be a detailed process.  The 375 

Proposal describes a response-function type of approach to simplify the accounting method.  376 

The simplified approach deviates from the current approach under conditions of high water 377 

levels.  The USGS model provides the best approach for accounting.  If a simplified 378 

approach is necessary, we recommend development of a response function that accounts for 379 

both low and high water levels in attempt to improve the simplified accounting method over 380 

varying aquifer conditions. 381 

 382 

QUALIFICATIONS AND EXPERIENCE 383 

 384 

 I am a Certified Professional Hydrologist (08-HGW-1817) with the American Institute of 385 

Hydrology.  I am President of Balleau Groundwater, Inc. and have over 20 years of experience in 386 

major aspects of hydrology and hydrogeology with emphasis on analysis of hydrologic processes 387 

involving the interaction of groundwater and surface-water.  Development of field-testing programs, 388 

assessment of wellfield performance and yield, water-resource planning and management, arid zone 389 

hydrology, artificial recharge, mine dewatering and water rights litigation support have also been 390 

major activities. 391 

 392 

 I have developed, adapted or worked with more than 100 hydrogeologic models.  My 393 

experience includes analysis of the local and regional water budgets for both natural hydrologic 394 

conditions and changes induced to the natural system from development of surface water and 395 

groundwater.  I have evaluated recharge and recovery of groundwater credit water in southwestern 396 

New Mexico and peer reviewed analyses of artificial recharge in southern California.  Over the past 397 

decade I have analyzed hydrologic effects in the Rattlesnake Creek Basin in the area of Stafford 398 

County, Kansas and I am one of the authors of the model currently used by KDA-DWR for analysis 399 

of hydrologic effects in the area of Groundwater Management District No 5.  I have advised cities 400 

and peer reviewed hydrogeologic analyses for municipal water districts regarding water resources in 401 

settings that involve groundwater pumping, artificial aquifer recharge, aquifer recharge from 402 

flooding and remediation of groundwater contamination.  I have also advised industrial water users, 403 

irrigation and conservancy districts, state and federal agencies, Indian tribes, water associations and 404 

private water users with matters involving source water availability.  I have presented at conferences 405 

involving groundwater hydrology and I have been invited to publish in a Theme Issue of the peer-406 

reviewed journal Groundwater on research related to analysis of groundwater flow. 407 

 408 
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